A computed tomography system designed to function in an industrial environment is being constructed.
Introduction
Computed transverse axial tomography has been applied to such diverse discip11i n es as electron microscopy,' radio astronomy,2 and most notably nuclear medicine,3'4 and medical radiography.5-Its introduction in the latter instance has provided a new dimension for that discipline. As the word implies, tomography produces an image of a cross section slice through an object as opposed to the conventional single x -ray view or projection of that object.
Projections at several angles are used to reconstruct the tomographic cross sections. The ability to image cross -sectional slices through anatomy without obstruction from over or underlying features has proven invaluable in medicine.
The applicability of these technologies to industrial inspection and nondestructive testing is just starting to be explored.9 Possible reasons for this relative lack of industrial application are the present high cost of commercial scanners, uncertainty as to which type of x -ray source /detector to use for a given application, and the cumbersome physical equipment configurations that may sometimes be necessary.
Also, as with all new techniques, there is a learning period which potential users must initially undertake.
If the specific inspection task is not time -critical, the first reason is largely eliminated since economies in equipment design are possible. These economies are exploited in the system to be described.
A significant advantage when using tomography in many industrial applications is the large difference in attenuation coefficient (p) between various materials. For instance, an air void surrounded by a background of a heavy metal is much easier to detect with fewer penetrating photons than in medicine where tissue types exhibit similar attenuation coefficients.
While it was mentioned earlier that uncertainty as to the choice of source and detector could limit the industrial applicability of computed tomography, this limitation can also be overcome. It is possible through experimentation and computer simulations to determine the optimal practical choice of the source intensity and energy range as well as the choice of a matching detector array. A computer simulation will then determine the expected image quality with these choices along with the flexible, but finite, time constraint placed on the gathering of the necessary projections (p(r)). The tomography simulations to follow were computed with these cosiderations in mind. The modularity of the system under design will allow the flexibility to make a wide range of possible simulations realizable.
System Performance Simulation
The basic inputs needed for the computer simulation include the x -ray attenuation coefficient p of all materials at a specified radiation energy, the number of incident photons (N0) impinging on the detector per projection point p(r) through the object f, the projection aperture size (m), the number of pixels /projection (M), and the number of projections w per reconstruction plane.
A program for use in proton tomography originally reported by Hanson has been modified for x -ray tomography. These w-projections through a simulated cylindrical phantom f were then tomographically reconstructed to form the cross -sectional estimate f(x,y) using the well -known filtered back-projection algorithm 3
where x, y, of are all discrete and 
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A significant advantage when using tomography in many industrial applications is the large difference in attenuation coefficient (y) between various materials. For instance, an air void surrounded by a background of a heavy metal is much easier to detect with fewer penetrating photons than in medicine where tissue types exhibit similar attenuation coefficients.
System Performance Simulation
The basic inputs needed for the computer simulation include the x-ray attenuation coefficient \i of all materials at a specified radiation energy, the number of incident photons (NQ) impinging on the detector per projection point p(r) through the object f, the projection aperture size (m), the number of pixels/projection (M), and the number of projections w per reconstruction plane. A program for use in proton tomography originally reported by Hanson 10^1 has been modified for x-ray tomography.
These w-projections through a simulated cylindrical phantom f were then tomographically reconstructed to form the cross-sectional estimate f(x,y) using the well-known filtered back-projection algorithm0 'f where Ri(r) is the geometric cord length through the phantom at projection point r of projection i.
This tacitly assumes either a monoenergetic source spectrum S(E) = S(E) or the integration over an energy range via experimentation to form u = C % p(E)S(E)dE (4) This yields a constant estimate of all p coefficients. Once p is estimated, this, along with the incident number of source photons N0, is used to compute the standard deviation (ct-(r)) of each projection point.
This is used to add signal-dependent Gaussian noise to each noiseless projection point of each of w projections used in the simulated reconstruction. Thus, the noisy projection is pi(r) = pi(r) + aP (r)n (6) i where n(0,1) represents a random number from a Gaussian source with zero mean and variance 1 and p represents the noiseless projection.
Hanson8 has verified that the threshold of detectability expressed as a signal -to -noise ratio (SNR) can be expressed as
SNR=u aR
The standard deviation (GR) of the noise of a tomographic reconstruction in a region of uniform p is
Values of SNR of between 2 and 5 with K = 0.5 have been shown to allow a 50% detection probability of small (4 pixel area) air voids in heavy metals.
As an example, let us tomographically reconstruct a simulated 24 -mm diameter plutonium cylinder with w = 180 evenly spaced projections over e = 180 °. There will be M = 256 pixels /projection, a m = 0.1 mm-square aperture, a 1 -MeV source, and the p of plutonium will equal 0.16 mm-1.
Within the cylinder are eight circular air voids (p = 0) ranging in diameter from 0.2 mm to 2.4 mm. Since a is signal-dependent, we will estimate Pi the maximum number of incident photons (N0) per aperture needed to produce a reconstruction with a minimum SNR of 4.
This will yield a reconstruction where the smallest air void will be just above the 50% perceptibility threshold.
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I is the forward Fourier transform of p-j(r) and p-j(r) is the rho-filtered (|u|) representation of p-j(r) Typically one is given experimentally derived values of y and NQ. An effective noiseless path length (p.) through the phantom is then computed.
where £-j(r) is the geometric cord length through the phantom at projection point r of projection i.
This tacitly assumes either a monoenergetic source spectrum S(E) = 6(E) or the integration over an energy range via experimentation to form
This yields a constant estimate of all y coefficients. Once y is estimated, this, along with the incident number of source photons NQ, is used to compute the standard deviation (a-(r)) of each projection point.
This is used to add signal-dependent Gaussian noise to each noiseless projection point of each of w projections used in the simulated reconstruction. Thus, the noisy projection is
where n(0,l) represents a random number from a Gaussian source with zero mean and variance 1 and p represents the noiseless projection. Hanson^ has verified that the threshold of detectability expressed as a signal-to-noise ratio (SNR) can be expressed as
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As an example, let us tomographically reconstruct a simulated 24-mm diameter plutonium cylinder with w = 180 evenly spaced projections over 0 = 180°. There will be M = 256 pixels/projection, a m = 0.1 mm-square aperture, a 1-MeV source, and the y of plutonium will equal 0.16 mm' 1 . Within the cylinder are eight circular air voids (y = 0) ranging in diameter from 0.2 mm to 2.4 mm. Since a is signal-dependent, we will estimate PI' the maximum number of incident photons (NQ) per aperture needed to produce a reconstruction with a minimum SNR of 4. This will yield a reconstruction where the smallest air void will be just above the 50% perceptibility threshold. These initial simulations demonstrate a realistic range of image qualities possible using the prototype system under design.
Specifications of the Industrial Tomographic System
The tomographic scanner hardware is being designed as a modular system. The source, scanner, and detector are each separate mechanisms mounted on a common stand. In this way, the system can be tailored to permit sensitivity and /or spatial resolution to be optimized for a particular problem.
A schematic of the detector collimator is illustrated in Fig. 2 . One of each pair of plates is movable Permitting the collimator aperture to vary from a minimum of 0.1 mm up to a maximum of several millimeters on a side.
The detector itself is simply placed behind the plates and can be a solid -state detector, a NaI detector, or a proportional counter depending upon the application. Of course, separate bulk shielding may be necessary to shield the detector from stray, scattered radiation.
The scanner assembly moves the object under inspection back and forth through the radiation beam and angularly rotates it between scans. The assembly is built from commercially available linear and rotational modules.
The total linear travel is about 75 cm horizontally and has a vertical precision of 0.15 mm. The rotary motion is continuous with an angular precision of 0.02 degrees. All axes are driven by direct current stepping motors controlled by the PDP -11/40 computer. Figure 3 illustrates the mechanical design of the system. The source module is a table that permits any type of source to be mounted with it.
Isotopic sources are inserted inside a cylindrical shield with an insert that collimates the beam to a cone with a 2 -cm diam base at the detector collimator.
If the source detector distance is changed from the nominal 1 m, the source collimator insert may be changed to maintain the 2 -cm diam base. Figure 4 illustrates a typical isotopic source holder.
All three modules are mounted on a stand that permits the source and detector modules to be moved along the beam axis.
In this manner, we have the greatest flexibility in adjusting the various tomographic parameters. The tomographic system interface controller which connects the PDP -11/40 computer to the mechanical tomographic scanner assembly is also designed in a modular fashion. This will permit a high degree of flexibility and ease of modification for particular applications. A block diagram of the controller is shown in Fig. 5 . The connection to the PDP -11 can be via a standard DEC DR11C general device interface card which allows parallel transfer of 16 -bit words in or out. This interface will be used when the scanner hardware is located in the same building as the PDP -11. To accommodate special radiation sources such as the LASL 24 -MeV betatron located remotely from the PDP -11, provisions are also made for interface through a DEC DL11 asynchronous serial line interface at 9600 baud. This interface uses either coaxial cables or wideband telephone lines. This potentially makes possible a portable tomographic system which could be quickly set up at a remote site.
The interface logic chassis is organized around a bus concept with eight card slots. Any of these slots can be used for either positioning electronics or data acquisition modules. A positioning module permits one to control a single mechanical motion with a stepping motor. Provisions are made for reading the absolute position from encoders, controlling speed via software over a 100 to 1 range with a stability of 0.01 %, controlling acceleration and deceleration of the motor, detecting limit switch closures, and generating interrupts These initial simulations demonstrate a realistic range of image qualities possible using the prototype system under design.
The tomographic scanner hardware is being designed as a modular system. The source, scanner, and detector are each separate mechanisms mounted on a common stand. In this way, the system can be tailored to permit sensitivity and/or spatial resolution to be optimized for a particular problem.
A schematic of the detector collimator is illustrated in Fig. 2 . One of each pair of plates is movable Permitting the collimator aperture to vary from a minimum of 0.1 mm up to a maximum of several millimeters on a side. The detector itself is simply placed behind the plates and can be a solid-state detector, a Nal detector, or a proportional counter depending upon the application. Of course, separate bulk shielding may be necessary to shield the detector from stray, scattered radiation.
The scanner assembly moves the object under inspection back and forth through the radiation beam and angularly rotates it between scans. The assembly is built from commercially available linear and rotational modules. The total linear travel is about 75 cm horizontally and has a vertical precision of 0.15 mm. The rotary motion is continuous with an angular precision of 0.02 degrees. All axes are driven by direct current stepping motors controlled by the PDP-11/40 computer. Figure 3 illustrates the mechanical design of the system.
The source module is a table that permits any type of source to be mounted with it. Isotopic sources are inserted inside a cylindrical shield with an insert that collimates the beam to a cone with a 2-cm diam base at the detector collimator. If the source detector distance is changed from the nominal 1 m, the source collimator insert may be changed to maintain the 2-cm diam base. Figure 4 illustrates a typical isotopic source holder.
All three modules are mounted on a stand that permits the source and detector modules to be moved along the beam axis. In this manner, we have the greatest flexibility in adjusting the various tomographic parameters.
The tomographic system interface controller which connects the PDP-11/40 computer to the mechanical tomographic scanner assembly is also designed in a modular fashion. This will permit a high degree of flexibility and ease of modification for particular applications. A block diagram of the controller is shown in Fig. 5 . The connection to the PDP-11 can be via a standard DEC DRUG general device interface card which allows parallel transfer of 16-bit words in or out. This interface will be used when the scanner hardware is located in the same building as the PDP-11. To accommodate special radiation sources such as the LASL 24-MeV betatron located remotely from the PDP-11, provisions are also made for interface through a DEC DL11 asynchronous serial line interface at 9600 baud. This interface uses either coaxial cables or wideband telephone lines. This potentially makes possible a portable tomographic system which could be quickly set up at a remote site.
The interface logic chassis is organized around a bus concept with eight card slots. Any of these slots can be used for either positioning electronics or data acquisition modules. A positioning module permits one to control a single mechanical motion with a stepping motor. Provisions are made for reading the absolute position from encoders, controlling speed via software over a 100 to 1 range with a stability of 0.01%, controlling acceleration and deceleration of the motor, detecting limit switch closures, and generating interrupts or start data take signals at increments from 1 to 511 motor steps.
Initially we will be controlling two translational axes of motion and one rotational axis. If in the future it were desired to position very large assemblies, it is possible to use the same system with electrohydraulic stepping motors which are available in multihorsepower sizes.
The data acquisition modules are designed with up to eight analog channels multiplexed into a single analog to digital converter.
Conversely, it can also be used with a single analog to digital converter on each card. Initially two 12 -bit analog to digital converters with 40 -usec digitizing time will be used.
One of these will record intensity for normalization and the other will record x -ray transmission through the object being scanned.
In normal operation the detector current will be integrated between data takes. The end of conversion signal from the analog to digital converter can be programmed to generate a computer interrupt. With the interrupt scheme, the scanner hardware can be considered as a background job, and the majority of the CPU time on the PDP -11 can be used for reconstruction of the tomogram while projection gathering is still going on. The provision for multiple inputs to a single analog to digital converter and for multiple data acquisition modules will allow the use of a multidetector system. This will reduce the scan time required.
It could also allow the use of a multiple x -ray or gamma -ray energy source and /or energy discriminating detectors to allow gathering of information about the mean atomic number as well as the density in each volume element. The latter technique, sometimes referred to as tomochemistry, measures the attenuation of each volume element as a function of at least two different photon energies. By fitting the two separate attenuation values into an empirical function, one can determine the mean atomic number of the material within each volume element. ( The absorption of at least one of the sources must be due to significant photoelectric interaction and thus exhibit a strong dependence on atomic number.)
Most of the interface electronics is implemented with standard low power Schottky TTL integrated circuits built on plug -in wire wrap cards.
It fills about a half -rack of space. Most of this space is used for power supplies and the stepping motor power drivers. A local control panel on the interface allows positioning the system for initial scan setup and local troubleshooting.
The filtered back -projection algorithm has been implemented on the PDP -11/40 under the RT -11 software system.
It is felt that the foreground-background nature of the software coupled with the interrupt driven tomographic hardware will allow simultaneous reconstruction and projection gathering.
Conclusions
An industrial computed tomographic system of modular design has been designed and is being constructed. This design will accommodate a wide range of sources and detectors. System simulations have been completed which indicate the expected range of reconstruction image quality.
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